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ABSTRACT 

This handbook presents  the techniques,  developed i n  an in tens ive  t e s t i n g  
program, f o r  use i n  designing ba l l - lock  mechanisms for  use on space vehicle  
umbilicals.  In  addi t ion  t o  the general. design of t h i s  locking device and i t s  
component p a r t s ,  t h i s  handbook covers the e f f e c t s  of component sur face  condi t ioning,  
temperatures from ambient t o  minus 196 degrees Centigrade (OC) , mater ia l s  and 
mater ia l  hardness ,  and forces  on the locking device up t o  5000 pounds. 

For t h e  convenience of t h e  reader ,  t h e  f i n a l  test r e p o r t  under t h i s  
c o n t r a c t  i s  included a s  an addendum t o  t h i s  r e p o r t .  
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DESIGN HANDBOOK 

LOCKING MECHANI SlIS 

The information presented i n  t h i s  handbook is the  product of a test  program 
conducted by Chrysler Corporation Space Divis ion,  Huntsv i l le  Operations under 
Contract Number NAS8-20649. 

The locking devices inves t iga ted  i n  t h i s  program were l imi ted  t o  two types ,  
ba l l - locks  and co l l e t - locks .  The ba l l - lock  mechanism ( I l l u s t r a t i o n  1, Appendix A )  
cons i s t s  of two bas i c  p a r t s ,  a vehic le  ha l f  or  b a l l  race  and a ground ha l f  t h a t  
performs the mechanics of locking o r  unlocking. The ground ha l f  of t he  b a l l -  
locking mechanism houses the b a l l s  and the r e l ease  p i n  t h a t  is  mechanically or 
pneumatically ac tua ted  t o  accomplish the locking o r  unlocking function. 

The c o l l e t - l o c k  mechanism ( I l l u s t r a t i o n  2 )  inves t iga ted  i n  t h i s  t e s t  
program, l i k e  the ba l l - lock ,  c o n s i s t s  of a vehic le  h a l f  o r  seat and a ground 
ha l f  t ha t  performs the mechanics of locking o r  unlocking. The ground ha l f  of 
the c o l l e t - l o c k  mechanism i s  a one-piece,  segmented, can t i l eve r  conf igura t ion  
fabr ica ted  from a spr ing  m a t e r i a l  such as beryl l ium copper. The r e l e a s e  p in  i n  
the c o l l e t -  Lock mechanism may a l s o  be mechanically o r  pneumatically actuated.  

The t e s t i n g  program indica ted  t h a t  the ba l l - lock  mechanism is  t o  be g r e a t l y  
prefer red  over the c o l l e t - l o c k  mechanism. The degree of e f f o r t  involved i n  the 
design of c o l l e t -  lock mechanisms i s  too involved and too time consuming f o r  the 
end r e s u l t .  The ba l l - lock  mechanism w i l l  more than adequately perform the locking 
funct ion and is  more e a s i l y  designed and manufactured. For these reasons t h i s  
handbook is l imi ted  t o  the des ign  of ba l l - lock  mechanisms only.  



SECTION I. INTRODUCTION 

This handbook covers the design of ba l l - lock  mechanisms f o r  use on space 
veli icle umbil icals .  The de l ign  information presented i n  t h i s  handbook i s  the 
product of a t e s t  program conducted by the  Electrical  Sys tems  and GSE Engineering 
Department, Chrysler Corporation Space Divis ion,  Huntsvi l le  Operations.  

I n  add i t ion  t o  the general  design of t h i s  locking mechanism and i t s  components, 
the e f f e c t s  o f  compoiient sur face  condi t ioning,  temperatures from ambient t o  minus 
196OC, materials and material hardnesses ,  and forces  (pre- loadsf;) on the locking 
device up t o  5000 pouids are presented. 

This  information was compiled t o  a i d  i n  the fu tu re  design of umbi l ica l  
locking mechanisms. The use of t h i s  information w i l l  increase  hardware r e l i a b i l i t y  
and l i f e  and by s tandard iz ing  umbi l ica l  lock designs w i l l  increase  the i n t e r -  
changeabi l i ty  of p a r t s  among umbil ical  locks of  d i f f e r e n t  vehic les  and vehic le  
s t ages  . 

This handbook i s  l imi ted  t o  the design of the components of the ba l l - lock  
t h a t  a c t u a l l y  perform the locking funct ion and does not  include the pneumatic 
cy l inder  o r  mechanical system t h a t  supp l i e s  the force €or lock re lease .  

+: For the purpose of this  handbook pre- loads r e f e r  t o  those forces  t h a t  a r e  
appl ied  t o  the locking mechanism t o  maintain contac t  between both halves  
of the umbil ical  and those forces  on the locking mechanism t h a t  r e s u l t  from 
v i b r a t i o n ,  umbi l ica l  weight,  wind e f f e c t s ,  vehic le  sway, e t c . )  
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SECTION 11. DESCRIPTION 

CONFIGURATION 

A .  ENVELOI'E 

The f i r s t  Consideration i n  the design of umbil ical  locking mechanism:, 
i s  tha t  of s i z e ,  ava i l ab le  space,  o r  envelope t h a t  i s  allowed fo r  the lock. 
Coupled with t h i s  cons idera t ion  i s  the pre-load on the umbil ical  or  t h a t  force  
t ry ing  t o  sepa ra t e  the two ha lves  of the umbil ical  while the lock is engaged. 
These two parameters,  s i z e  and pre- load,  must be considered together  t o  achieve 
an optimum design.  In genera l ,  the lock should be designed t o  the l a r g e s t  s i z e  
t h a t  i s  p r a c t i c a l  from a weight and conf igura t ion  s tandpoint .  I n  the case of 
ba l l - locks  of  optimum designs,  tests where three  s i z e s  were inves t iga ted  (Ref. 
f igure  1, Appendix R ) ,  1.056 inches,  1.358 inches,  and 1.810 inches i n  diameter ,  
demonstrated t h a t  each s ized  lock functioned r e l i a b l y  with few d i f r e rences  i n  
r e l ease  c h a r a c t e r i s t i c s  up t o  5000 pounds pre-loading. (The b a l l -  lock s i z e s  
r e f e r  t o  the diameter of the b a l l  r e t a i n e r  t i p  (Ref. i l l u s t r a t i o n s  3 through 5 ) .  
In c o l l e t - l o c k  t e s t s ,  1.00 inch diameter hardware i n  most cases  re leased  with 
reasonable success a t  pre- loads up t o  5000 pounds force while c o l l e t s  of 0.50 
inches i n  diameter f a i l e d  ( f r ac tu red )  cons i s t en t ly  a t  prc- loads between 3000 and 
4000 pounds (see i l l u s t r a t i o n s  2 ,  6 and 7 ) .  I t  can be noied,  therefore ,  t h a t  
locks of the 1-00 t o  2.00-inch diameter s i z e  range which incorporate  optimum 
design f ea tu res  a r e  genera l ly  acceptable  f o r  umbil icals  where pre- loads no g r e a t e r  
Lhnn 5000 pounds a r e  present .  

R. COMPONTNT D E S I G N  

1. General. The genera l  ba l l - lock  conf igura t ion  should be capable of 
r e l a t i v e l y  smooth opera t ion  and coupl ing and should be s u f f i c i e n t l y  s turdy  t o  
withstand some abuse. I t  should a l so ,  of course,  be of s u f f i c i e n t  s i z e  and c r i t i c a l  
surface a rea  t o  withstand the appl ied tension forces  wi th in  the l i m i t s  of the 
ma te r i a l s  used fo r  manufacture. A t yp ica l  example i s  shown i n  i l l u s t r a t i o n  1. One 
of the Cirst bas ic  cons idera t ions  i n  component design is  the  number of b a l l s  t o  be 
used. The number of b a l l s  is d i r e c t l y  r e l a t e d  t o  the maximum system s t r e s s  under 
a given appl ied force .  An optimum conf igura t ion  w i l l  conta in  some optimum number 
of b a l l s  t h a t  a i d s  i n  reducing the o v e r a l l  system s t r e s s  t o  a minimum. This optimum 
b a l l  conf igura t ion  may be t h e o r e t i c a l l y  ca lcu la ted  using Hertzian contac t  stress 
equations" and simple geometric r e l a t ionsh ips .  The optimum number of b a l l s  w i l l  
be independent of  b a l l  and b a l l  r e t a i n e r  s i z e .  For d e t a i l e d  ca l cu la t ions  of 
optimum b a l l  conf igura t ions  r e f e r  t o  Appendix C ,  Examples T ,  11, and 111. The 
1-esiilts of these ca l cu la t ions  should be considered along with c e r t a i n  p r a c t i c a l  
aspec ts  before making the  f i n a l  determinat ion of an optimum b a l l  conf igura t ion .  
Ease of manufacture, b a l l  s ize ,  a v a i l a b i l i t y  of hardware and to le ranc ing  are 

- 
9; Kents Mechanical Engineers Handbook, Design and Production Volume , 

Twelfth Edi t ion ,  Page 8-36. 
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some of these add i t iona l  cons idera t ions .  Based on these cons idera t ions  
and the above mentioned ca l cu la t ions ,  the  i d e a l  number of b a l l s  t o  be used 
f o r  any s i zed  ba l l - lock  of  the type appl icable  f o r  space vehic le  umbil icals  
has  been determined t o  be four.  

The next  bas i c  cons idera t ion  i n  component design is t h a t  of 
r e l a t i v e  component s i z e .  With the  i d e a l  number of b a l l s  e s t ab l i shed  a t  four ,  
the r e l a t i v e  s i z e  of the ba l l - lock  components ( the bal ls, the b a l l - r e t a i n e r ,  
the r e l e a s e  p in ,  and the b a l l  r ace )  must be determined based on the space 
l imi t a t ions  f o r  t h i s  hardware. The s i z i n g  of the b a l l  r ace  depends on the 
pre- loading of the lock as w e l l  as the space l imi t a t ions .  I f  the  pre- loading 
is extremely h igh ,  up t o  5000 pounds, the race should be designed t o  the 
maximum envelope allowed with the inner  diameter (T.D.) of the  race  i n  the range 
of one t o  two inches.  Tests have proven t h a t  ba l l - locks  of optimum conf igura t ions  
i n  t h i s  s i z e  range a r e  capable of r e l i a b l e  performance under pre- loads of  5000 
pounds. With an approximate value e s t ab l i shed  f o r  the r ace  I . D . ,  an approximate 
value fo r  .the ou t s ide  diameter (O.D.)  of the b a l l  r e t a i n e r  may be es tab l i shed  
a s  these  values  w i l l  be equal  except  f o r  to le rance  d i f f e rences  (see i l l u s t r a t i o n  8 ) .  
The b a l l  s i z e  based on the b a l l  r e t a i n e r  s i z e  may now be ca lcu la ted  from 
equat ions formulated from the geometric r e l a t ionsh ips  of the conponents. These 
equat ions ,  shown i n  Example 111, determine the maximum b a l l  s i z e  fo r  a given 
r e t a i n e r  s i z e  i n  a fou r -ba l l  conf igura t ion .  This ca lcu la ted  value of b a l l  diameter 
may then be compared with vendor s i z e  l i s t i n g s  of b a l l  bear ings t o  s e l e c t  a b a l l  
s i z e  t h a t  can be purchased as a "stock" Ltem. When the proper b a l l  i s  se l ec t ed ,  
a more exact  determinat ion of the b a l l  r e t a i n e r  O.D. and the race  I . D .  can be 
made u t i l i z i n g  the ca l cu la t ions  discussed previously.  

2 .  Race. The genera l  s i z e  and conf igura t ion  of the race has been 
e s t ab l i shed  by the envelope and ca l cu la t ions  discussed i n  the previous sec t ion .  
The race angle must now be determined ( R c f .  i l l u s t r a t i o n  8) .  When a load i s  
appl ied t o  the lock,  the b a l l s  bear d i r e c t l y  on the race angle which t ransmi ts  
a r e s u l t a n t  force t o  the r e l ease  pin.  The s i z e  of the race angle w i l l  determine 
the r e s u l t a n t  force value on the r e l e a s e  pin.  As the r ace  angle s i z e  increases  
the load on the pin decreases .  The load on the pin i s  d i r e c t l y  r e l a t e d  t o  the 
force required t o  actuaLe the lock. As the load on t h e ' p i n  becomes g r e a t e r ,  the 
b a l l s  w i l l  indent  f a r t h e r  i n t o  the pin and more b r i n e l l i n g  or g a l l i n g  of the p in  
w i  1 I occur during the unlocking operat ion.  As a genera l  r u l e  the r ace  angle should 
be a s  l a rge  a s  poss ib le  within the l i m i t s  of p r a c t i c a l i t y .  Tes ts  have supported 
t h i s  by showing t h a t  a s  the race  angle s i z e  is increased the r e l ease  force  decreases  
(Ref. f igure  2 ) .  However, the s i z e  of the race  angle w i l l  be l imi ted  by c e r t a i n  
phys ica l  aspec ts  connected with the manufacturing and assembly of the locking 
mechanism. I t  has  been determined i n  a c t u a l  p rac t i ce  t h a t  a s  the s i z e  of the 
r ace  angle i s  increased the d i f f i c u l t y  of f a b r i c a t i o n  and assembly becomes g rea t e r .  
The problem is pr imar i ly  one of b a l l  r e t e n t i o n  by s t ak ing  the r e t a i n e r  versus  
b a l l  pos i t i on  r e l a t i v e  t o  the race  angle;  i . e . ,  a s  t h e  race angle i s  increased,  
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the b a l l s  must  be allowed t o  protrude f a r t h e r  out  of the b a l l  r c t a i n e r  t o  
maintain f u l l  contac t  on the race .  The f a r t h e r  the b a l l s  protrude r e l a t i v e  
t o  the r e t a i n e r ,  the more d i f f i c u l t  i t  becomes t o  s u f f i c i e n t l y  s t ake  the 
b a l l  r e t a i n e r  t o  permanently hold the b a l l s .  A s  the b a l l  r e t a i n e r  s i z e  
decreases ,  a s  i n  the case of smaller  ba l l - locks ,  the problem becomes g r e a t e r ,  
i n  t ha t  there  i s  a d e f i n i t e  l i m i t  t o  the race angle tha t  may be used. 
I l l u s t r a t i o n  9 graphica l ly  i l l u s t r a t e s  t h i s  e f f e c t .  In  the  t e s t i n g  discussed 
above, 75 degree race  angles  were used i n  two-inch ba l l - lock  assemblies wi th  
r e l a t i v e  ease whereas, i n  o the r  t e s t s  on one-inch ba l l - locks ,  i t  was necessary 
t o  l i m i t  the race angle  t o  s i x t y - f i v e  degrees.  To r e i t e r a t e ,  the t h e o r e t i c a l l y  
des i r ab le  r ace  angle which minimizes the r e s u l t a n t  force on the release p in  
w i l l  not be p r a c t i c a l  fo r  a l l  ba l l - lock  s i z e s ,  however, thc l a r g c s t  pract ical  
angle should be determined. The physical  l i m i t  of the race  angle or  the 
maximum race angle may be ca l cu la t ed  by the  equat ion shown i n  Example I V .  
This equat ion r e l a t e s  the va r i ab le s  discussed above: The b a l l - r e t a i n e r  s i z e ,  
b a l l - s i z e ,  to le rance  between the race  I.D. and the b a l l - r e t a i n e r  O . D . ,  the 
corner  rad ius  of the race I . D . ,  b a l l  p o s i t i o n  r e l a t i v e  t o  the race angle and 
s t ak ing  depth.  The r e t a i n e r  and b a l l  s i z e s  have been e s t ab l i shed  from the 
previous sec t ion  (Ref. Paragraph 11.8.1) and the tolerance between the r ace  I . D .  
and the b a l l  r e t a i n e r  0 . D .  may be e s t ab l i shed  according t o  normal to le ranc ing  
p rac t i ces .  The cornt'r rad ius  of the race I . D .  should be a s  small  as poss ib le  
(npproximntely 0.03 Inches or  l e s s )  t o  maintain as  much sur face  a rea  on the  race 
angle as  poss ib le .  'I'he s t ak ing  depth and the b a l l  pos i t i on  r e l a t i v e  t o  the race  
a r e  nebulous values t h a t  m u s t  be assumed. The b a l l  pos i t i on  r e l a t i v e  t o  the 
r a c e ,  the Y dimension shown i n  Example T V ,  i s  the v e r t i c a l  d i s tance  from the top 
of the corner rad ius  of the race  I . D .  t o  the b a l l  and race  contac t  po in t .  This 
dimension w i l l  depend on the diameter of the b a l l  br ine11 or  indcnt ion i n  the 
race t h a t  occurs when the lock i s  loaded. For the purposes of design,  t h i s  
value may be assiimed t o  be from 0.03 t o  0.04 inchcs.  The s tak ing  depth w i l l  vary 
depending on the cool and the personnel performing Lh i s  operat ion.  As a s t a r t i n g  
po in t ,  a value oC 0.032 inchcs may be used fo r  t h i s  value but a l a rge r  value 
would be more des i r ab le .  Tf minimum values a r e  chosen fo r  the s t ak ing  depth,  
the b a l l  pos i t i on ,  the corner r ad ius ,  and the to le rance ;  the equat ion i n  Example I V  
w i l l  y i e ld  the maximum poss ib le  angle t h a t  may be used fo r  t h i s  configurat ion.  
I f  poss ib le  t h i s  maximum angle value should be reduced somewhat t o  "loosen up" 
on the va r i ab le s  i n  quest ion.  Although the equat ion mentioned above may no t  
provide an absolu te  value fo r  the race  angle ,  i t  w i l l  provide a good approximation 
and s t a r t i n g  point  fo r  fu r the r  evaluat ion.  

3. Release Pin. The re l ease  pin is b a s i c a l l y  a cy l inder  with a small 
t i p  tapered up t o  a l a rge r  diameter which i n i t i a t e s  the lock mechanics by pushing 
the b a l l s  out  i n  the locking opera t ion  (Ref. i l l u s t r a t i o n  10).  The purpose of 
the small t i p  on the end of the pin i s  t o  r e t a i n  the b a l l s  when the mechanism is  
i n  the unlocked pos i t ion .  The ove ra l l  length of the r e l e a s e  p in  and t i p  w i l l  
depend on the t r a v e l  of the pneumatic p i s ton  o r  ac tua t ing  mechanism of the lock. 
However, t h i s  t r a v e l  should be l imi ted  t o  approximately 1.00 inch o r  l e s s .  The 
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p i n  t r a v e l  r e l a t i v e  t o  the  b a l l  and the  p i n  taper  should be he ld  t o  a maximum of 
approximately 0.25 inches (Ref. i l l u s t r a t i o n  10).  The p in  and t i p  diameters 
may be ca lcu la ted  from the equat ion i n  Example V a f t e r  the v a r i a b l e s  discussed 
irr previous sec t ions  have been es tab l i shed .  

I n  the  case of t h i s  type of p i n  ( s ing le  poin t  contac t ) ,  severe  
s t r e s s i n g  on the  b a l l  and p in  contac t  sur face  may be present  due t o  the small  
surface a rea  of contac t  i n  a bal l -on-cyl inder  configurat ion.  This high s t r e s s i n g  
w i l l  cause some b r i n e l l i n g  of the  p in  during the  unlocking operat ion.  
s e v e r i t y  of b r i n e l l i n g  w i l l  of course vary with the r e s u l t a n t  load on the  pin.  
A s  previously discussed,  t h i s  r e s u l t a n t  force w i l l  increase  a s  t h e  race angle 
decreases  and i n  the case of  r e l a t i v e l y  low race  angles ( i . e .  45 degrees) the  
force may be very high. 
This p in  damage can poss ib ly  inf luence the  force required t o  r e l e a s e  the  lock. 
To increase the sur face  a r e a  between the  b a l l  and p i n  and thus decrease the 
contact  stress a t  any one p o i n t ,  two o ther  types of p i n s ,  the two poin t  contac t  
pin and the l i n e  contac t  p in ,  may be used (Ref. i l l u s t r a t i o n  11). Tests were 
performed on pins  of both types,  however, and no reduct ion  of r e l e a s e  force was 
experienced when t e s t e d  i n  hardware with 70 degree race  angles  even though the 
o v e r a l l  p i n  damage was very l i g h t .  Although tests were not  performed with low 
race  angle conf igura t ions ,  pins  of these type may have appl ica t ions  where low 
race  angles  a r e  required.  For t h i s  reason,  these designs m e r i t  cons idera t ion  
dependant on the s p e c i f i c  set of condi t ions  encountered. 

The 

I n  t h i s  case the p in  b r i n e l l i n g  can be extremely severe.  

C.  TOLERANCING 

I n  most cases  the to le rances  encountered i n  designs of t h i s  na ture  
should conform t o  s tandard to le ranc ing  practices.;: Tolerance stack-up should 
be considered and minimum and maximum to le rances  on a l l  dimensions should be 
r e f l e c t e d  i n  the  equations discussed previously.  Two c r i t i c a l  a reas  of tolerancing 
a r e :  (1) the holes  i n  the b a l l  r e t a i n e r  housing t h a t  r e t a i n  the b a l l s  and (2)  the  
bore through the center  of the b a l l  r e t a i n e r  t h a t  houses the r e l e a s e  p in  (Ref. 
i l l u s t r a t i o n  8 ) .  The r e l e a s e  p i n  bore should be maintained concent r ic  with the 
outs ide diameter of the b a l l  r e t a i n e r  t o  achieve equal b a l l  p ro t rus ion  from the  
r e t a i n e r .  The h o l e s  i n  the  r e t a i n e r  t h a t  r e t a i n  o r  house the b a l l s  should be 
held t o  a c lose  tolerance with the  diameter of the b a l l  t o  maintain l i ne  contac t  
with the b a l l  and t o  decrease the depth of s tak ing  required.  These holes  should 
a l s o  be maintained in  the same plane t o  achieve even bear ings on the  r a c e  angle .  

Tolerances t h a t  a f f e c t  the i n s t a l l a t i o n  i n t o  the umbil ical  housing and 
cause angular misalignments between the ground and vehic le  halves  of the  locking 
mechanism should be held t o  a minimum. I f  an angular misalignment i s  present ,  
the r e l e a s e  force  w i l l  be af fec ted .  Tests have shown t h a t  a s  the  degree of 
misalignment is  increased ,  the force required t o  r e l e a s e  the lock w i l l  increase 
(see f igure  3 ) .  A t  low lock pre-loads t h i s  e f f e c t  i s  n e g l i g i b l e  but  a t  extremely 
high loads a f a i l u r e  of the  lock t o  release could r e s u l t .  

9: Reference - MSFC Engineering Draf t ing Manual, Sect ion 0 6 ,  Tolerancing 
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MATERIALS 

A .  GENERAL 

I n  the s e l e c t i o n  of materials f o r  locking mechanism components, two 
of  the most important cons idera t ions  are pre- load o r  s t r e s s i n g  and environment. 
I n  app l i ca t ions  of this  type where contac t  stresses are present  and pre-loads 
a r e  high,  extremely high s t r e s s e s  w i l l  be experienced. 
are not ava i l ab le  t h a t  w i l l  wi thstand t h i s  high s t r e s s i n g  without some damage. 
S t r e s ses  of s eve ra l  hundred thousand pounds per  square inch on ba l l - lock  components 
can be expected when pre- loads of 5000 pounds o r  more a r e  appl ied t o  the lock. 
However, i n  contac t  s t r e s s i n g  only the sur face  of  the p a r t  is s t r e s s e d  and only 
sur face  damage w i l l  r e s u l t .  T h i s  sur face  damage must be he ld  t o  a minimum 
t o  maintain r e l e a s e  forces  a t  a reasonable level and, therefore ,  very s t rong  
ma te r i a l s  must be used. I n  most cases harder  ma te r i a l s  e f f e c t  the b e s t  r e s u l t s  
in  app l i ca t ions  of t h i s  type. I n  add i t ion ,  sur face  damages must be r e s t r i c t e d  
t o  c e r t a i n  a reas  i n  the locking device.  For example, i f  the b a l l s  were made of  
a very s o f t  ma te r i a l ,  they would deform or  f l a t t e n  out  under high loads and 
r e l ease  would be g r e a t l y  a f f ec t ed .  General ly ,  i t  i s  p re fe rab le  i f  the  b a l l s  
a r e  maintained a s  the hardes t  components i n  the ba l l - lock  assembly and the 
sur face  damage l imi ted  mainly t o  the race  and release pin. 

In  most cases, materials 

Environment is  a l s o  an important f a c t o r  i n  the s e l e c t i o n  of materials. 
A l l  ma te r i a l s  used must be compatible with the environment t o  which they a r e  
exposed. In  space vehic le  app l i ca t ions ,  ma te r i a l s  may be subjected t o  a cor-  
ro s ive  environment, a l i q u i d  oxygen (LOX) environment, extreme temperature 
environments, e t c .  It  may be required t h a t  the ma te r i a l s  be compatible with 
a l l  of these condi t ions .  

S t a i n l e s s  s t e e l s  a r e  bes t  s u i t e d  f o r  app l i ca t ions  of  t h i s  type because 
of t h e i r  high s t r eng th  and cor ros ion  r e s i s t ance .  S t a i n l e s s  s t e e l ,  type 440C, 
i s  an exce l l en t  b a l l  material and can be hea t  t r ea t ed  t o  a very hard condi t ion  
(Rockwell C (Rc) 58 o r  ha rde r ) .  Since t h i s  material  i s  a s tandard b a l l  bear ing 
m a t e r i a l ,  b a l l s  can be r e a d i l y  purchased i n  a l l  s i zes .  A l l  400 s e r i e s  s t a i n l e s s  
s t e e l s ,  however, become extremely b r i t t l e  a t  low temperatures and may not  be 
des i r ab le  f o r  cryogenic app l i ca t ions .  Although i n  al'l t e s t s  performed i n  the  
assoc ia ted  tes t  program (near ly  4000 tests i n  a l l )  a t  temperature as low as 
minus 196OC using 440C b a l l s ,  no f a i l u r e s ,  f r a c t u r e s  o r  s e r ious  damage occurred 
due t o  the b a l l  ma te r i a l .  Since contac t  stresses r e s u l t  i n  s t r e s s i n g  on the 
component sur face  only and a b a l l  conf igura t ion  does no t  r e a d i l y  lend i t s e l f  
t o  f r a c t u r e ,  i t  i s  f e l t  t h a t  the  use of  4406 s t a i n l e s s  s teel  as a b a l l  material 
w i l l  not  r e s u l t  i n  any se r ious  problems a t  reduced temperatures. 

300 s e r i e s  s t a i n l e s s  s t e e l s  such as 304 and 303 can be used f o r  o the r  
component ma te r i a l s  ( race,  r e l e a s e  p in ,  b a l l  r e t a i n e r ) .  S t a i n l e s s  steel type 304 
has except iona l ly  good low temperature p rope r t i e s .  However, a l l  300 series steels 
must be purchased i n  a prehardened condi t ion  by cold working and are not  r e a d i l y  
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ava i l ab le  i n  very hard condi t ions.  The hardness l i m i t  i s  approximately 
R c  35 and i s  very d i f f i c u l t  t o  obtain.  
hardenable s t a i n l e s s  s t e e l  and can be purchased i n  var ious hardness condi t ions.  
This ma te r i a l  i s  recommended when a 300 s e r i e s  s t a i n l e s s  s t e e l  is  not  ava i l ab le  
a t  a des i red  hardness l e v e l .  Eighteen percent (18%) n icke l  maraging s t e e l  i s  
an u l t r a -h igh  s t r eng th  ma te r i a l  which can be hea t  t r ea t ed  t o  a hardness of 
approximately Rc 50 and an u l t imate  s t r eng th  of approximately 250,000 pounds 
per square inch. 
a ba l l - lock  assembly. 
expensive and is not  cor ros ion  r e s i s t a n t .  A p ro t ec t ive  coa t ing  o r  p l a t i n g  would 
be required f o r  use i n  a cor ros ive  atmosphere. For these reasons t h i s  material 
would not be recommended unless  very high s t r eng ths  a r e  required due t o  excessive 
pre- loads on the ba l l - lock .  Various o ther  ma te r i a l s  may be appl icable  but  they 
should be se l ec t ed  t o  be compatible with the s p e c i f i c  set of condi t ions  under 
which they w i l l  be used. 

17-4 PH s t a i n l e s s  steel  i s  an age 

This ma te r i a l  performs very w e l l  a s  a component ma te r i a l  i n  
However, t h i s  ma te r i a l  a t  the present  time i s  comparatively 

B. MATERIAL HARPNESS 

In- ba l l - lock  design, the ma te r i a l  hardness i s  genera l ly  more important 
than the type of ma te r i a l  i n  so f a r  as the unlocking operat ion or force  requi red  
t o  unlock i s  concerned. A s  previously s t a t e d ,  very high sur face  s t r e s s e s  may be 
encountered i n  the use of ba l l - locks  and t o  minimize sur face  damage, hard ma te r i a l s  
a r e  required.  Tes ts  have shown t h a t  a s  the ma te r i a l  hardness increases ,  the force 
required t o  r e l e a s e  the lock decreases  (Ref. f i gu re  4 ) .  In  add i t ion  the r e l e a s e  
force  da t a  obtained i n  t e s t s  of t h i s  type was much less sca t t e red  and more 
reproducible  when harder  ma te r i a l s  were t e s t ed .  In cryogenic temperature appl i -  
ca t ions ,  s o f t  ma te r i a l s  become harder and r e l e a s e  forces  become comparable with 
those where hard ma te r i a l s  a r e  used. However, based on p a s t  experience,  the most 
favorable r e s u l t s  w i l l  be achieved when the  hardness of the r ace ,  r e l e a s e  p in  
and b a l l  r e t a i n e r  is  maintained above Rc 25 and the b a l l  ma te r i a l  is  maintained 
above Rc 50. 
condi t ions ,  p r imar i ly  the o v e r a l l  load on the lock. When the pre-load does not  
exceed 5000 pounds the above hardness recommendations w i l l  apply. 

The exact  hardness l e v e l  requi red  w i l l  depend on the s p e c i f i c  s e rv i ce  

C .  HARDWARE LIFE 

Hardware l i f e  w i l l  b a s i c a l l y  be a f f ec t ed  by ma te r i a l  hardnesses.  Since 
ba l l - lock  components w i l l  s u f f e r  some sur face  damage, repeated use of the same 
hardware may cause some problems i f  the ma te r i a l s  used a r e  too s o f t .  When l i f e  
cyc le  tests, shown i n  f igures  5 and 6, were performed on ba l l - lock  assemblies with 
components of two hardnesses,  the da t a  was more cons i s t an t  where the harder  
ma te r i a l  w a s  t e s t ed .  No f a i l u r e s  t o  r e l e a s e ,  however, were experienced i n  e i t h e r  
test s e r i e s  of 250 cycles .  When lower r ace  angles  than the 70-degree angles used 
i n  these t e s t s  a r e  requi red ,  the r e l ease  forces  a r e  l i k e l y  t o  be more incons i s t en t  
and the p o s s i b i l i t y  of f a i l u r e  a f t e r  repeated cyc l ing  w i l l  be g rea t e r .  Bas ica l ly ,  
the use of the hardes t  ma te r i a l s  ava i l ab le  t h a t  a r e  p r a c t i c a l  f o r  t h i s  app l i ca t ion  
and can be acquired both r e a d i l y  and economically w i l l  increase  the o v e r a l l  r e l i -  
a b i l i t y  of the locking mechanism. 
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SURFACE CONDITIONING 

A .  SURFACE FINISH 

To achieve an optimum bal l - lock  design, the  proper sur face  f i n i s h  
must be s e l e c t e d  for  each component of the assembly. Since the bear ing sur faces  
of the race  and r e l e a s e  p i n  even i n  an optimum conf igura t ion  w i l l  receive moderate 
damage during the unlocking operat ion,  the d i f fe rence  i n  the e f f e c t  of sur face  
f i n i s h e s  of 8 r o o t  mean square (rms) t o  32 r m s  on these components i s  n e g l i g i b l e  
as r e l e a s e  force i s  concerned (see f i g u r e  7). I n  addi t ion ,  only s l i g h t l y  higher 
r e l e a s e  forces  w i l l  be obtained when sur face  f i n i s h e s  as high a s  125 rms are used. 
A 32 r m s  f i n i s h  is  recommended f o r  the bear ing sur faces  of the  above hardware s i n c e  
i t  i s  e a s i l y  achieved by normal machine shop procedures and i s  q u i t e  acceptable  
from a r e l e a s e  standpoint.  The sur face  f i n i s h  of the  b a l l s  on the o ther  hand 
should be maintained a s  low a s  possible .  Pas t  experience has  shown t h a t  the 
sur face  condi t ion  of the b a l l s  w i l l  g r e a t l y  a f f e c t  the r e l e a s e  c h a r a c t e r i s t i c s  
of the lock such t h a t  i t  may be required t h a t  the b a l l s  be replaced f requent ly  
during repeated use.  
Standard MS 9461 can be purchased economically with a 2 r m s  sur face  f i n i s h  and are 
recommended f o r  t h i s  a p p l i c a t i o n  due t o  p a s t  performances. Even when using b a l l s  
of t h i s  type a t r a n s f e r  of m a t e r i a l  from the r e l e a s e  p i n  t o  the b a l l s  under high 
loads may occur t h a t  will. r e q u i r e  replacement of the b a l l s  f o r  continued use of 
the  lock assembly. 

Standard prec is ion  grade bear ing b a l l s  conforming t o  M i l i t a r y  

13. PLATING 

A p r o t e c t i v e  p l a t i n g  on lock hardware w i l l  be required when materials 
t h a t  a r e  not  corrosion r e s i s t a n t  a r e  required for  a p p l i c a t i o n s  where a cor ros ive  
atmosphere i s  present .  A p l a t i n g  of t h i s  type w i l l  no t  a f f e c t  the overall.  opera t ion  
of the lock. Tes ts  have supported t h a t  release forces  a r e  n e i t h e r  reduced nor 
increased due t o  p l a t i n g  e f f e c t s  when optimized ba l l - lock  designs are used. 
l e s s  than optimum designs a r e  used and loads on the p la ted  p a r t s  are s u f f i c i e n t  t o  
cause severe sur face  damage, the r e l i a b i l i t y  of the lock may be a f fec ted  due t o  
f lak ing  of the p l a t i n g  mater ia l .  I n  s i t u a t i o n s  where the lock is  required t o  
undergo an excessive number of r e l e a s e  cyc les ,  the r e l i a b i l i t y  of the lock may 
a l s o  be a f fec ted  due t o  p l a t i n g  damage. 

When 

C .  LUBRICATION 

Ball-locks of an optimum design do not  requi re  l u b r i c a t i o n  on the bear ing 
surface t o  funct ion r e l i a b l y .  However, the use of c e r t a i n  types of l u b r i c a n t s  w i l l  
s i g n i f i c a n t l y  a f f e c t  the release c h a r a c t e r i s t i c s  of the lock such t h a t  very l i t t l e  
force is required t o  r e l e a s e  the lock. This was demonstrated i n  t e s t s  where the 
e f f e c t  of l u b r i c a t i o n  was inves t iga ted  and the r e s u l t s  compared with da ta  where 
lubr ica t ion  was not  used (see f igure  8) .  These tests a l s o  demonstrated t h a t  only 
dry f i lm type o r  spray f i lm type l u b r i c a n t s  showed any improvements over unlubricated 
systems f o r  t h i s  type of appl ica t ion .  The data from the tests where grease type 
lubr icants  were used was only comparable t o  and i n  some cases  higher  than the tes t  
da ta  where no l u b r i c a t i o n  was used. 
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As i n  the case of  material  s e l ec t ion ,  l ub r i can t s  must be compatible 
with the environment t o  which they are exposed. When the lock assembly i s  subjec t  
t o  cryogenic temperatures,  dry f i lm  type lub r i can t s  produce the bes t  r e s u l t s .  
When exposed t o  l i q u i d  oxygen (LOX), the lub r i can t  must of course be compatible 
with LOX. The lub r i can t  which produced the lowest release forces  i n  the previously 
discussed t e s t  program, Elec t rof i lm Lubri-Bond A ,  was not  LOX compatible and, 
t he re fo re ,  could not  be used fo r  most space veh ic l e  app l i ca t ions .  Other l ub r i can t s  
of the same type are ava i l ab le  which w i l l  conform t o  the necessary requirements.  
As s t a t e d  before ,  however, l u b r i c a t i o n  i s  not  necessary unless  very low release 
forces  a r e  des i red ,  
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APPENDIX A - ILLUSTRATIONS 



PIN TIP----/ 

ILLUSTRATION 1. BALL-LOCK (2 INCII) 
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ILLUSTRATION 4 .  BALL-LOCK (1 INCH) 
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ILLUSTRATION 7. COLLE'I-LOCK SIZE COMPARISON 
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ILLUSTRATION 9 .  RACE ANGLE S I Z E  VERSUS BALL W T E N T I O N  
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APPENDIX C - CALCULATIONS 



The basic equation developed by H. Hertz for determining contact stress in a 
lane configuration is as follows: 

d' 

Where: 

S = Stress 
P = Load 
E = Modulus of Elasticity 
d = Sphere diameter 

I I  (Reference: Kent's Mechanical Engineers' Handbook", Design 8 Production, 
Twelfth Edition, pages 8-36) 

Or: 

S = 0.616 Equation ( I )  

Where : 

Pr = Force on Bal I - Lock Race 
r, = Radius of Ball 

From the force diagram: (See page c-4) 

Equation (2 )  

Where: 

Ft = Total load on Ball-Lock 
N = Number of Balls 
A, = Constant 

EXAMPLE I .  OPTIMUM BALL NUMBER TERM I N AT ION. 

c- 1 



From the ball and ball retainer relationship: (See page C-6) 

rl = aR Equation (5) 

Where : 

R = Ball retainer radius 

and: 

sin (5) 
I + sin(5) 

a =  Equation (4) 

Substituting from Equations (2) and (5) in Equation (1)  

S = 0.616 Equation (6) 
4Na2Re 

Letting A,, E, Ft and R be Constants: 

Equation (7) 

Where : 

K ,  = Accumulated Constants 

Thus indicating that stress(s) is minimum when Nae is maximum 

And letting A!, E, S and R be Constants: 

Ft = KpNae Equation (8) 

Where: 

K2 = Accumulated Constants 

Thus indicating that, for a given stress($), the total force on the lock (Ft 
wi l l  be maximum when Nae is maximurn. 

EXAMPLE I .  (Continued) 
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Solving for a and Na' for various numbers of balls (N) results in the fol- 
lowing table: 

(Ref: Equation 4) 

N 
2 

k 5 

6 
7 
8 
9 
IO 
12 
14 

Therefore: 

Q 
0.5000 
0.4640 
0.4 I42 
0.370 I 
0.3333 
0.3026 
0.2767 
0.2548 
0.2360 
0.2655 
0.1819 

N'a2 
0.500 

0.6667 
0.64 I2 
0.6 I28 
0.584 I 
0.5570 
0.5064 
0.4364 

When the number of balls is four, the Nae value is maximum 
and from Equation ( 7 )  the stress on the race will be minimum. 

EXAMPLE I .  (Concluded) 

c- 3 



FORCE DIAGRAM 

F = Applied force on each ball 
Ft = Total applied force on lock 
N =  Number of balls 
Pr = Resultant force on race 
Pp = Resultant force on pin 
p l  pepLs = Coefficient of friction on 

resDective surfaces 

Or : 
F - Prsin a - p ,  P,.COS Q 

-PLs 
Pp = 

EXAMPLE II. FORCE DIAGRAM 
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F- Prsin Q -PI Pr COS a .. = -pZF -p,P,sina + Pr Cosat -P3 

Or: 

Let: 

Equation (2) 

EXAMPLE 'II. (Concluded) 
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BALL RETAINER ‘TT 

L-RELEASE PIN TIP 

N = Number of balls 
R = Radius of ball retainer 
rl = Radius of ball 
8 = Angle formed by the intersection of the line drawn through 

the ball and ball retainer centers and the line drawn 
through the ball retainer center tangent to the ball. 

sin 6 = - R - r l  

-k 180° 
=-N-= 

.*. sin(%) = R -r, 

EXAMPLE ID. BALL 8 BALL-RETAINER SIZE RELATIONSHIPS 
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Or: 

- ~ s i n ( G )  

tl - I + sin($) 

Let: 

sin (3) 
I + sin (5) a =  

.. r, = aR 

Equation (3) 

Equation (4) 

Equation (5) 

EXAMPLE 111. (Concluded) 
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R 
R = Ball retainer radius 
r, = Ball radius 
r = Corner radius on race 1. D. 
t = Tolerance between race 1. R. and ball retainer 0. R. 
s = Staking depth or distance from ball to ball 

y = Vertical distance from top of the race 1.  0. corner 
retainer 0. D. 

radius to the ball and race contact point 

rl = s + t + r(l-cos a)  + y  + rl(I-cos C Y )  

Or : 

cos a = r + s + t + y  r+rl Or: a =arc  cos[ r + s + + + ~ ]  r + rl 

ACE ANGLE SIZE DET 

C - 8  



Spherical 
radius 

R 2 Ball retainer radius 
r, = Ball radius 
s =- Staking depth 
re = Release pin radius 
ret = Pin tip radius 

R = r O + r , + s  

Or: 

re = R - r ,  -s 

And : 

R = r2t+ 2r, 

Or: 

EXAMPLE 3L. RELEASE PIN SIZE DETERMINATION 
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1.0 INTRODUCTION 

This r e p o r t  covers  the r e s u l t s  of Phase 11 of a t e s t  program conducted 
f o r  t he  Umbilical  and Disconnects Sect ion of the Propuls ion and Vehicle Engineering 
Laboratory of Marshall  Space F l i g h t  Center ,  Hun t sv i l l e ,  Alabama, under Contracts  
NAS8-4016, Mod. 206 and NAS8-20649. The purpose o f  t he  program i s  t o  e s t a b l i s h  
the c r i t e r i a  necessary i n  the  design,  the s e l e c t i o n ,  and the acceptance of  
locking mechanisms app l i cab le  f o r  space v e h i c l e  umbi l i ca l  carriers. Tests were 
performed on two b a s i c  types of locking mechanisms t o  determine the e f f e c t  of 
c e r t a i n  s i g n i f i c a n t  parameters on r e l e a s e  fo rce  and r e l i a b i l i t y .  I n  Phase I 
of t he  program, conducted and r epor t ed  under Contract NAS8-4016, Mod. 206, 
the parameters i n v e s t i g a t e d  were: (1) r a c e  ang le ,  (2)  lock s i z e ,  (3) materials,  
(4) m a t e r i a l  hardness ,  and (5) temperature.  Phase I1 of the program w a s  
concerned w i t h  : (1) a d d i t i o n a l  i n v e s t i g a t i o n  i n  the a r e a s  of materials and 
m a t e r i a l  hardness ,  (2) s u r f a c e  cond i t ion ing ,  ( 3 )  r e l e a s e  p i n  design,  ( 4 )  alignment,  
and (5) hardware l i f e .  
t e s t e d  a t  loadings up t o  8000 pounds and temperatures a s  low as minus 196 
degrees cen t ig rade  (OC) . 

I n  both phases of the program experimental  hardware was 

This  r e p o r t  is  l imi t ed  t o  the r e s u l t s  of the t e s t i n g  accomplished i n  
Phase I1 of t h i s  program. 
r e p o r t  were s t a t i s t i c a l l y  generated from the raw d a t a  obtained i n  t h i s  t e s t  
program. A l l  d a t a  was transposed t o  the same ze ro  po in t  for  ease of comparison 
and should be used f o r  comparison purposes only.  

A l l  curves and d a t a  comparisons shown i n  t h i s  



2.0 SUMMARY 

2 . 1  MATERIAL HARDNESS INVESTIGATION 

Ball-lock and co l le t - lock  component mater ia l  hardnesses i n  the  
ranges of Rockwell C (Rc) 10-20, 20-30, 30-40, 40-50, and 50-60 were invest igated.  
The materials used t o  obtain these hardness leve ls  were 304 s t a in l e s s  s t e e l ,  
17-4PH s t a i n l e s s  s t e e l ,  18% nicke l  maraging s t e e l ,  and beryllium copper. Col le ts  
of beryllium copper a t  three hardness leve ls  (Rockwell B (Rb) 60, Rb 75, and 
R c  45) have a l s o  been tes ted.  In  most cases,  the lowest re lease  forces were 
obtained where the harder mater ia l s  were used. 

2.2 SURFACE CONDITION INVESTIGATION 

2 2.1 Surf  ace Finish 

Ball-lock and co l l e t - lock  configurations with component surface 
f in i shes  of 8 ,  16, 32 and 125 root  mean square (rms) were tes ted .  The r e su l t i ng  
release forces  were d i r e c t l y  proportional t o  the surface f in i sh  with the highest  
re lease  forces r e su l t i ng  i n  the 125 r m s  tests, however, the only s ign i f i can t  
differences in re lease  forces were obtained i n  the co l le t - lock  t e s t s .  

2.2.2 Lubrication 

Five lubricants  were tes ted  on both ba l l - lock  and co l le t - lock  
configurations.  
Lubri-Bond A ,  a molybdenum d i su l f ide  spray fi lm; Fluorocarbon S-122,  a t e f lon  
spray film; Dow Corning FS 1281 grease; and KEL-F No. 90 grease.  These lubricants  
were selected for  t h e i r  l iqu id  oxygen (LOX) compatibil i ty and/or low temperature 
propert ies .  Release forces were always reduced where the spray type lubricants  
were used. The lowest re lease  forces  were obtained i n  the t e s t s  using the 
Lubri-Bond A lubricant .  

These lubricants  were Molykote 2, a dry powder; Electrof i lm 

2.2.3 P la t ing  

In these t e s t s  the e f f e c t s  of a hard chrome p la t e  on the re lease  
pins of bal l - lock and co l le t - lock  assemblies were investigated.  The p la t ing  of 
the pin did not have any s ign i f i can t  a f f e c t  on the re lease  cha rac t e r i s t i c s  of 
the locks. The re lease  forces  obtained i n  these t e s t s  were comparable with the 
r e s u l t s  of t e s t s  performed where no p la t ing  was used. However, no f laking or 
extreme damage t o  the  chrome p la t e  was observed i n  these t e s t s .  

2 



2 . 3  PIN DESIGN INVESTIGATION 

Two types of ba l l - lock  re lease  pins ,  a two point contact design 
When compared t o  the r e s u l t s  of t e s t s  and a l i n e  contact design, were tes ted.  

where a conventional r e l ease  ( s ing le  point contact)  pin was used, the re lease  
forces obtained i n  these tests proved t o  be high. Considering t h i s  along 
with the addi t iona l  problems involved i n  the manufacture of pins of these 
types, i t  is f e l t  t h a t  these designs do not m e r i t  any fur ther  consideration, 

2.4 ALIGNMENT INVESTIGATION 

Angular misalignments of one, two, three,  four,  s i x  and e ight  degrees 
i n  ba l l - lock  and co l le t - lock  t e s t  set-ups were investigated.  A misalignment 
greater  than e ight  degrees cannot be tes ted  as  tha t  i s  the la rges t  angle a t  
which the two halves of the lock may be coupled together.  In  the bal l - lock 
t e s t s ,  the resu l t ing  re lease  forces increased i n  d i r e c t  proportion with the 
degree of misalignment. Although re lease  forces above 550 pounds occurred i n  
the six-degree t e s t s ,  no faiaures  t o  re lease  occurred. In  the co l le t - lock  tests,  
however, no pa t te rn  was detected i n  the comparison of the r e s u l t s ,  and the re lease  
forces i n  general  were lower than those obtained i n  the bal l - lock t e s t s .  One 
c o l l e t ,  however, f ractured during the six-degree t e s t s .  

2 .5  LIFE CYCLE INVESTIGATION 

Two l i f e  cycle t e s t  s e r i e s  of 250 tests each were performed on both 
bal l - lock and co l le t - lock  configurat ions.  
were performed with hardware of two hardnesses, Rc 35 and Rc 50. When compared, 
the RC 50 t e s t s  resu l ted  i n  general ly  lower re lease  forces and l e s s  data  s c a t t e r  
than did the Rc 35 t e s t s .  In  one co l le t - lock  t e s t  s e r i e s ,  a f rac ture  occurred on 
t e s t  number 180. Another co l le t - lock ,  however, successful ly  completed 250 cycles.  
Lubrication was used i n  both co l le t - lock  t e s t  s e r i e s .  

In  the bal l - lock t e s t s ,  the two series 
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3.0 TEST HARDWARE 

3;.1 GENERAL 

The locking devices tes ted  i n  t h i s  program were pneumatically re leased 
by means of a piston-cylinder arrangement with Buna-N "0" r ing  sea ls .  
e f f ec t ive  surface area of the p is ton  w a s  one square inch. Removable t i p s  as 
shown i n  i l l u s t r a t i o n  2 ,  Appendix A ,  allowed the pneumatic cylinder t o  be used 
i n  t e s t ing  e i t h e r  the ba l l - lock  o r  co l le t - lock  configuration. 
were applied hydraul ical ly  and measured with load ce l l  instrumentation. A l l  
temperatures were measured and recorded with potentiometric recording equipment. 
With the exception of the lubr ica t ion  study t e s t s  and some c o l l e t  tests, no 
lubr ica t ion  was used on the locking surfaces.  Although various types of 
lubricat ion were used on the pneumatic cylinder depending on the temperature of 
the test environment no attempt w i l l  be made t o  evaluate the performance of t h i s  
hardware. 

The 

System pre-loads 

3.2 BALL-LOCK 

The bal l - locks tes ted  i n  t h i s  phase of the program were four-bal l  
configurations with a b a l l  r e t a ine r  t i p  diameter of 1,810 inches. Of the three 
bal l - lock s i z e s  invest igated i n  Phase I of the program, t h i s  s i z e  was selected 
for  Phase I1 t e s t ing  due t o  past  experience with locks of t h i s  s i ze .  (Ref. 
i l l u s t r a t i o n s l a n d  2 ) .  A race angle of 70 degrees es tabl ished i n  Phase I t e s t ing  
a s  optimum for  bal l - locks i n  t h i s  s i z e  range, was used exclusively i n  a l l  Phase I1 
t e s t ing .  (Ref. i l l u s t r a t i o n  4). The ba l l - r e t a ine r  was fabricated from 304 
s t a i n l e s s  s t e e l ,  condition B (hardness Rc 35),  i n  accordance with Specif icat ion 
QQ-S-763. In  a l l  t e s t s  440C s t a i n l e s s  s t e e l  b a l l s ,  f u l l  hard (Rc 58), were used. 
The mater ia ls  for  race and re lease  pin fabr ica t ion  were varied i n  order t o  achieve 
various hardness conditions.  These mater ia l s  included 304 s t a i n l e s s  s t e e l ,  17-4PH 
s t a i n l e s s  s t e e l ,  18 per cent  nickel  maraging s teel ,  and beryllium copper. 

3.3 COLLLET- LOCK 

One-inch diameter co l le t - locks  of a one-piece, twelve segment, can t i lever  
Configuration were selected for  use i n  t h i s  phase of the program. 
i s  iden t i ca l  t o  t h a t  used i n  most of Phase I t e s t ing  (Ref. i l l u s t r a t i o n  3) .  The 
c o l l e t  angle and race  angle used i n  Phase I1 t e s t i n g  w a s  75 degrees. This was 
the angle value t h a t  w a s  optimized i n  Phase I of the program (Ref. i l l u s t r a t i o n  5). 
A l l  c o l l e t s  were fabricated from beryllium copper i n  accordance with Specif icat ion 
QQ-C-530 and heat t rea ted  t o  an HT condition (hardness Rc 45). A s  i n  the case 
of ba l l - lock  hardware, the c o l l e t  races  and re lease  pins were fabricated from 
varied mater ia l s  which include 304 s t a i n l e s s  s t e e l ,  17-4PH s t a i n l e s s  s t e e l ,  
18 per cent  nickel  maraging s t e e l ,  and beryllium copper. 
c o l l e t  locking surfaces  was performed i n  some sec t ions  of the program. 

This configuration 

Lubrication of the 

4 



4 

4.0  DISCUSSION 

4 .1  BALL-LOCK TESTING 

4.1 .1  Mate r i a l  Hardness I n v e s t i g a t i o n  

Th i s  i n v e s t i g a t i o n  was a con t inua t ion  of a s tudy  o r i g i n a l l y  i n i t i a t e d  
i n  Phase I of t he  program. I n  t h i s  phase, r a c e s  and r e l e a s e  p ins  of hardnesses 
i n  the ranges of Rc 10-20, 20-30, 30-40, 40-50 and 50-60 were t e s t e d  i n  s t anda rd  
b a l l - l o c k  conf igu ra t ions .  
where both a r a c e  and p i n  of the hardness under i n v e s t i g a t i o n  were incorporated 
i n t o  a tes t  lock assembly. I n  each series, tests were conducted a t  va r ious  pre- 
loads up t o  5000 pounds and a t  t h r e e  temperatures:  ambient, minus 8OoC, and 
minus 196OC. 
were used f o r  hardware a t  hardnesses  from Rc 10-40 while beryl l ium copper and 
18 per c e n t  n i c k e l  maraging s t e e l  were used where hardnesses above Rc 40 were 
r equ i r ed  

A t e s t  s e r i e s  w a s  performed f o r  each hardness range 

304 and 17-4 PH s t a i n l e s s  s t e e l ,  purchased i n  pre-hardened cond i t ions ,  

The r e s u l t s  of t he  t e s t i n g  i n  t h i s  i n v e s t i g a t i o n  are shown g r a p h i c a l l y  
i n  f i g u r e s  1 through 3 ,  Appendix B.  A temperature a f € e c t  of some s i g n i f i c a n c e  
can be seen from t h i s  d a t a  as the dowest r e l e a s e  fo rces  r e s u l t e d  i n  the t e s t s  
a t  m i n u s  196OC. Therefore ,  a comparison of the r e s u l t s  of the va r ious  hardness 
t e s t s  was made f o r  each test  temperature.  I n  the  t e s t s  a t  minus 196OC some 
of the s o f t e r  m a t e r i a l s  a c t u a l l y  produced the lowest fo rces .  However, i t  can be 
s t a t e d  t h a t  any v a r i a t i o n  i n  the r e l e a s e  fo rce  d a t a  over t h i s  hardness range i s  i n -  
s i g n i f i c a n t  f o r  p r a c t i c a l  purposes s i n c e  the  r e l e a s e  fo rces  ranged from a maximum 
of approximately 240 pounds t o  a minimum of approximately 120 pounds. 

4.1 .2  Surface Condition I n v e s t i p a t i o n  

4.1 .2 .1  Surface F i n i s h  

This s tudy  was concerned wi th  the e f f e c t s  of var ious su r face  
f i n i s h e s  on b a l l - l o c k  locking component su r faces .  Four f i n i s h e s ,  8 ,  16,  32 
and 125 r m s ,  were s e l e c t e d  f o r  i n v e s t i g a t i o n .  These f i n i s h e s  were l imi t ed  t o  
the bea r ing  s u r f a c e s  of the r ace  and r e l e a s e  p in  of a s tandard b a l l - l o c k  con- 
f i g u r a t i o n .  A l l  tests were conducted a t  ambient temperature without  l u b r i c a t i o n  
on the locking surfac.es. A comparison of t h e  r e s u l t s  of these tests a r e  shown 
i n  f i g u r e  4 .  
from the  t e s t s .  I t  can be seen t h a t  no s i g n i f i c a n t  d i f f e r e n c e s  i n  the r e l e a s e  
f o r c e s  due t o  s u r f a c e  f i n i s h  were d i sc losed  by these  t e s t s .  Based on these d a t a ,  a 
f i n i s h  of  32 r m s  w a s  s e l e c t e d  fo r  all f u t u r e  t e s t i n g .  

These curves were s t a t i s t i c a l l y  der ived from the r a w  d a t a  r e s u l t i n g  
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4.1.2.2 Lubricat ion 

A l l  tests i n  Phase I and I1 of t h i s  program p r i o r  t o  t h i s  series 
were perforined without  t he  b e n e f i t  of l u b r i c a t i o n  on the  lock bea r ing  su r faces .  
This s e r i e s  of tests demonstrate the e f f e c t s  of l u b r i c a t i o n .  Five l u b r i c a n t s  were 
s e l e c t e d  f o r  t h e i r  LOX c o m p a t i b i l i t y  and/or low temperature p r o p e r t i e s .  
l u b r i c a n t s  were a s  follows : 

These 

1. E l e c t r o f i l m  Lubri-Bond A - A molybdenum d i s u l f i d e  spray 
f i l m  - not compatible w i t h  LOX. 

Molykote Z - A molybdenum d i s u l f i d e  d ry  powder - good 
low temperature and LOX c o m p a t i b i l i t y  p r o p e r t i e s  

Fluorocarbon S-122 - A t e f l o n  sp ray  f i lm  - good low 
temperature and LOX c o m p a t i b i l i t y  p r o p e r t i e s .  

2 .  

3. 

4 .  Dow Corning FSi281 - A grease - good low temperature 
p r o p e r t i e s  t o  minus 80 degrees Fahrenheit  (OF) r e q u i r e s  
batch t e s t i n g  t o  assure LOX compa t ib i l i t y .  

5. KEL-P-#90 - A grease - LOX compatible - f r eezes  a t  extremely 
low temperatures.  

These l u b r i c a n t s  were app l i ed  t o  the  bear ing s u r f a c e s  of the r e l e a s e  
p in  and r a c e  only.  The r e su l t s  of t h i s  s tudy  a r e  shown g r a p h i c a l l y  i n  f i g u r e s  5 
through 7 .  Tes t s  were conducted a t  t h r e e  temperatures,  ambient, minus 80OC and 
minus 196OC, and a comparison of t he  d a t a  was made a t  each temperature.  
f i g u r e  5, a comparison a t  ambient temperature,  i t  can be 'seen t h a t  no improvements 
i n  release fo rce  r e s u l t e d  except where the f i lm  type l u b r i c a n t s  were used. The 
r e l e a s e  f o r c e s  occur r ing  i n  the t e s t s  where the two greases  were used were a c t u a l l y  
higher  than those occur r ing  i n  tests where the system was un lubr i ca t ed .  However, 
the d a t a  comparison a t  minus 196OC, f i g u r e  7 ,  shows that a l l  l u b r i c a n t s  improved 
the r e l e a s i n g  c h a r a c t e r i s t i c s  of  the lock al though both the g reases  f roze  a t  t h a t  
temperature. I n  a l l  ca ses  the lowest r e l e a s e  fo rces  r e s u l t e d  i n  tests rising the 
E lec t ro f i lm  Lubri-Bond A .  

In  

4.1.2.3 P l a t i n g  

I n  these  tests the e f f e c t s  of a hard chrome p l a t e  on the  r e l e a s e  
p in  were i n v e s t i g a t e d .  Release p i n s  f a b r i c a t e d  from b a s i c  m a t e r i a l s  of two 
hardnesses ,  Q 20 and Rc 51, were p l a t e d  w i t h  a hard chrome, 0.002 of an inch  
th i ck .  The b a s i c  f i n i s h  on the p i n  bea r ing  su r face  was 32 r m s  and the p ins  
were t e s t e d  i n  t h e  as r ece ived  cond i t ion  a f t e r  p l a t i n g .  Tes t s  were conducted 
a t  t h r e e  temperatures,  ambient, minus 80°C and minus 1 9 6 O C .  Figures  8 through 
10 show the r e s u l t s  of these tests. The r e l e a s e  f o r c e s  obtained i n  these  tests 
compared i n  magnitude t o  the  r e s u l t i n g  fo rces  i n  tests where unplated hardware 
was used. No f l a k i n g  or extreme damage t o  the chrome p l a t e  was observed i n  these  
tests.  It  would be p o s s i b l e ,  however, f o r  a chrome p l a t e d  p in  t o  experience 
severe damage a t  loadings on the order  of  5000 l b s  i f  low race  angles  ( i . e . ,  
45 degrees)  were used where extreme r e s u l t a n t  fo rces  on the p in  a r e  p re sen t .  
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4.1.3 Pin Design Invest igat ion 

In the case of a conventional bal l - lock release p i n  or s ing le  point 
contact pin,  severe surface s t r e s s ing  on the pin and b a l l  contact surface i s  
present due t o  the small surface area of contact i n  a ball-on-cylinder con- 
f igura t ion .  This high s t r e s s ing  causes some b r ine l l i ng  of the pin during the 
unlocking operation. The seve r i ty  of b r ine l l i ng  w i l l  of course vary with the 
r e su l t an t  load on the pin.  Where high race angles a re  used ( i .e . ,  70 degrees) 
the b r ine l l i ng  i s  r e l a t i v e l y  l i gh t .  Where low race angles a re  used ( i . e . ,  45 
degrees) and the r e su l t an t  force on the pin i s  very high, the pin b r ine l l i ng  can 
be extremely severe. This pin damage w i l l  g rea t ly  influence the re lease  force 
of the lock. I n  an e f f o r t  t o  reduce the re leas ing  force by increasing the 
contact surface area of the pin,  two new types of re lease  pins ,  the two point 
contact and the l i ne  contact pins ,  were designed and tes ted  ( r e f .  i l l u s t r a t i o n  6 ) .  
These t e s t s  were conducted on hardware with a hardness of Rc 35  and a race angle 
of 70 degrees. The r e s u l t s  of t h i s  t e s t  s e r i e s  a r e  shown i n  f igures  11 through 
13. A comparison of the re lease  forces obtained i n  s ing le  point contact ,  two 
point contact and l i n e  contact pin t e s t s  i s  shown i n  f igure 13. 
by tkrese da ta ,  no reduction of the re lease  force magnitude was achieved. In t a c t ,  
the re lease  forces were higher i n  the two point and l i ne  contact t e s t s  than i n  the 
s ing le  point contact t e s t s .  In the mannfacture of pins of t h i s  type, the alignment 
of the pin grooves i n  r e l a t i o n  t o  the b a l l  posi t ions i s  very c r i t i c a l  and a s l i g h t  
misalignment could account for  the increase i n  re lease  force.  However, based on these 
data  and the manufacturing problems involved, i t  i s  f e l t  t ha t  these new designs do 
not merit  any fur ther  consideration with t5e exception of possible appl icat ions 
where low race angles a r e  used. 

As can be seen 

4.1.4 Alignment Tnvestigation 

In space vehicle umbilical appl icat ions,  some degree of angular 
misalignment may be present between the ground and vehicle  halves of the locking 
mechanism. It was f e l t  t ha t  misalignments depending on the degree could grea t ly  
a f f e c t  the releasing cha rac t e r i s t i c s  of the lock. Therefore, t e s t s  were performed 
on standard ba l l - lock  hardware with varying degrees of misalignment incorporated 
i n  the t e s t  set-up. Angular misalignments of one, two, three,  four,  s i x  and 
eight  degrees were invest igated.  Misalignments grea te r  than e ight  degrees could 
not be tes ted a s  tha.t was  the la rges t  angle a t  which the two halves of the lock 
could be coupled together.  A l l  t e s t s  were conducted a t  ambient temperature and 
with hardware with a hardness of Rc 3 5 .  Figare 14 shows a comparison of the r e s u l t s  
of these t e s t s  for each degree of misalignment. The eight-degree t e s t s  a r e  not 
shown i n  t h i s  comparison due t o  the extreme amoxnt of data  s c a t t e r  occurring i n  
t h i s  s e r i e s  ( r e f .  f igure 15). However, up to  and including the six-degree t e s t s ,  
the re lease forces  increase i n  d i r e c t  proportion with the degree of misalignment. 
Although re lease  forces above 500 pounds were experienced i n  the s ix -  and eight-  
degree t e s t s ,  no f a i lu re s  t o  relea.se occurred i n  t h i s  s e r i e s .  
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4.1.5 Life Cycle Invest igat ion 

Life  cycle test s e r i e s  were performed on bal l - lock hardware with 
races  and re lease  pins of two hardnesses, Rc 35 and Rc 50. Each configuration 
was cycled a t  l e a s t  250 times a t  5000 pounds pre-load. These t e s t s  were conducted 
a t  ambient temperature on conventional 70 degree bal l - lock t e s t  assemblies. A 
f i n i s h  of 32 r m s  was used on the bearing surfaces i n  both cases. The r e s u l t s  
of these t e s t s  can be seen i n  f igures  16 and 17. The Rc 50 tests resu l ted  i n  
general ly  lower re lease  forces and l e s s  data  s c a t t e r .  N o  f a i lu re s  t o  re lease  
occurred during e i t h e r  s e r i e s .  

4.2 COLLET-LOCK TESTING 

4.2.1 Material  Hardness Invest igat ion 

This inves t iga t ion  was a l so  a continuation of a study o r ig ina l ly  
i n i t i a t e d  i n  Phase I of the program. Phase I t e s t ing  was l imited t o  var ia t ion  
of the c o l l e t  hardness only. In  t h a t  t e s t  s e r i e s ,  shown i n  f igure 18, the 
c o l l e t  hardness was varied from Rb 6 0 ,  annealed condi t ion, to  Rc 44, heat t rea ted  
condition. In  Phase I1 t e s t ing ,  the hardness of the race and pin was varied 
while the c o l l e t  hardness was held within the  range of Rc 40 - 45.  
and pin hardness ranges were se lec ted  for inves t iga t ion ,  R c  10-20,  20-30, 30-40,  
40-50 and 50-60. 
conducted a t  three temperatures, ambient, minus 8OoC and minus 196OC. No 
lubricat ion was applied t o  the lock bearing surfaces.  The sane mater ia ls  used 
i n  the ba l l - lock  program were used t o  obtain the various hardness requirements 
( re f .  paragraph 4.1.1). The r e s u l t s  of t h i s  t e s t ing  a r e  shown i n  comparison 
form i n  f igure 19. It can be seen tha t  a l l  of the data  obtained i n  t h i s  s e r i e s  
of t e s t s  w a s  r e l a t i v e l y  high when compared t o  Phase I co l le t - lock  t e s t  data.  Since 
tbe c o l l e t  design w a s  i den t i ca l  t o  t h a t  used i n  Phase I t e s t ing  no spec i f i c  reasons 
can be given for the general  increase i n  re lease  force. Since a l l  of the data 
was cons is tan t ly  high, i t  can be used t o  show the general  re l7 t ionship  between 
the various hardness t e s t s .  In  l a t e r  t e s t s  where lubricat ion was invest igated,  
the r e s u l t s  obtained were more consis tant  with Phase I t e s t  data .  These findings 
indicate  tha t  lubr ica t ion  i s  mandatory i n  a co l le t - lock  assembly where pre-loads 
on the order of 5000 pounds a re  present. 

Five race 

A 75 degree c o l l e t  t e s t  assembly w a s  used and t e s t s  were 

A temperature a f f e c t  of any p rac t i ca l  s ignif icance,  a s  seen i n  the 
bal l - lock da ta ,  did not occur i n  these c o l l e t  t e s t s .  Therefore, a comparison of 
the data  was made neglecting temperature. 
shown i n  f igure 1 9 ,  the re lease  forces decreased a s  harder component mater ia ls  
were tes ted  except for  the Rc 50-60 material .  The Rc 50-60 t e s t s  were the only 
t e s t s  i n  t h i s  s e r i e s  i n  which the re lease  pin mater ia l  was harder than the c o l l e t  
mater ia l  (Rc 4 0 - 5 0 ) .  A grea t  amount of mater ia l  t ransfer  from the beryllium 
copper c o l l e t  t o  the maraging s t e e l  pin and ga l l i ng  of the c o l l e t  was observed 
i n  these t e s t s .  In  a l l  other t e s t s  of t h i s  s e r i e s  no excessive amount of mater ia l  
t ransfer  w a s  noticed. Based on t h i s  reasoning, therefore ,  it is  surmised tha t  
the c o l l e t  ga l l ing  contributed t o  the re lease  force increase.  In  a l l  succeeding 
t e s t s  re lease  pins  of a s o f t e r  mater ia l  than the c o l l e t  were used. 

A s  can be seen i n  t h i s  comparison, 
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4.2.2 Surface Condition I n v e s t i g a t i o n  

4 . 2 . 2 . 1  Surface F i n i s h  

The e f f e c t s  o f  component su r face  f i n i s h e s  of 8 ,  16, 32 and 125 rms 
on r e l e a s e  fo rce  were i n v e s t i g a t e d  i n  t h i s  series of tes ts .  Each f i n i s h  under 
i n v e s t i g a t i o n  was l imi t ed  t o  the  bea r ing  s u r f a c e s  of the r a c e ,  release p in  and 
c o l l e t .  
i n  the range o f  Rc 30 t o  40. Two t e s t  s e r i e s  were performed. I n  t h e  f i r s t  s e r i e s  
no l u b r i c a t i o n  was used and the  d a t a  obtained was r e l a t i v e l y  high and i n c o n s i s t a n t .  
Problems experienced i n  the m a t e r i a l  hardness i n v e s t i g a t i o n  were s imi la r  t o  those 
experienced i n  these  t e s t s .  A second s e r i e s  of tests was performed where the  
hardware was l u b r i c a t e d  wi th  E l e c t r o f i l m  Lubri-Bond A .  The r e s u l t s  of these 
tests shown i n  f i g u r e  20 were much improved over the  un lubr i ca t ed  tes t  d a t a .  
Therefore,  t hese  da t a  were used f o r  the su r face  f i n i s h  e f f e c t s  comparison. A s  
shown i n  f i g w e  20 the r e l e a s e  fo rces  obtained i n  these  t e s t s  increased i n  
d i r e c t  p ropor t ion  t o  the s u r f a c e  f i n i s h .  Unlike the  b a l l - l o c k  s u r f a c e  f i n i s h  
r e s u l t s ,  t he  r e l e a s e  fo rces  i n  the  c o l l e t  t e s t  s e r i e s  were s i g n i f i c a n t l y  higher  
i n  the 125-rms t e s t s  than i n  a l l  o t h e r s .  The r e l e a s e  fo rce  a t  5000 pounds pre-  
load i n  the  125-rms tes ts  was approximately 600 pounds compared t o  approximately 
300 potlnds i n  32-rms t e s t s  and 200 i n  the 8-rms t e s t s .  Only minor d i f f e r e n c e s  
were noted between the r e s u l t s  of t he  8- and 16-rms t e s t s .  For t h i s  reason and 
mangfacturing cons ide ra t ions  the  16-rms f i n i s h  was s e l e c t e d  €or a l l  f u t u r e  t e s t i n g .  

A l l  tests were conducted a t  ambient temperature on hardware w i t h  a hardness 

4.2.2.2 LTibrication 

Lllbricants of t he  same type used i n  t h e  b a l l - l o c k  l u b r i c a t i o n  
t e s t s  were s e l e c t e d  f o r  t h i s  s e r i e s  a l s o .  The l u b r i c a n t s  were E l e c t r o f i l m  
Ldbri-Bond A ,  Molykote Z ,  Fluorocarbon S-122,  Dow Corning FS1281, and KEL-F-#90. 
Component hardware i n  the hardness  range o f  Rc 30-40 wi th  a su r face  f i n i s h  of 
16 rms W A S  used and t e s t s  were conducted a t  t h ree  temperatares ,  ambient, minus 
8o°C arid mirrus 196%. The r e s u l t s  of these t e s t s  a r e  shown i n  f i g u r e s  21 t o  23. 
A comparison ok the  d a t a  was made f o r  each test  temperature.  A s  i n  t he  b a l l - l o c k  
l u b r i c a t i o n  s tudy,  the f i l m  type l u b r i c a n t s  provided the b e s t  r e s u l t s .  The t e s t s  
where t h e  t w o  g reases  were csed r e s u l t e d  i n  higher  release fo rces  than un lubr i ca t ed  
t e s t s  apd as  the temperature decreased the relea.se fo rces  increased g r e a t l y .  The 
Molykctte 2 test  data  compared wi th  the  unlubricated tes t  d a t a  a t  ambient temperature 
and minus 80% but  w a s  much lower a t  minils 196oC. Alsc a s  i n  the b a l l - l o c k  t e s t s ,  
the lowest r e l e a s e  f o r c e s  were experkenced i n  the t e s t s  where E l e c t r o f i l m  Lubri- 
Bond A was used. 

Based on the r e s u l t s  of these tests, a11 remaining t e s t i n g  i n  
t h e  c o l l . e t - l a c k  phase of the program w a s  performed w i t h  E l e c t r o f i h  Libri-Bond A 
appl ied to bea r ing  s i l r faces  i n  order  t o  achieve more c o n s i s t a n t  da t a .  Furthermore, 
it i s  recommended t h a t  a sp ray  f i lm  l u b t i c a n t  of some type be used i n  a l l  a p p l i -  
c a t i o n s  where c o l l e t  type locking mechanisms a r e  i n  use.  

9 



4.2.2.3 Plat ing 

I n  some appl icat ions i n  an corrosive environment, hardware of a 
corrosive nature could be used i f  the hardware was plated with a passive mater ia l .  
In  t h i s  t e s t  series, the e f f e c t s  of p la t ing  on the re lease  cha rac t e r i s t i c s  of the 
lock were invest igated.  
material. 
pins  i n  the hardness range of Rc 30-40. 
with Electrof i lm Lubri-Bond A .  Tests  were conducted a t  ambient temperature, 
minus 80OC and minus 196OC. The resul ts  of these t e $ t s ,  shown- i n  f igures  24 
through 26, were compared with r e s u l t s  where unplated hardware w a s  t es ted .  
comparison was made a t  each t e s t  temperature, It can be seen t h a t  the p la t ing  
did not s ign i f i can t ly  a f f e c t  the re lease  force of the t e s t  assembly. However, 
l i ke  the ba l l - lock  p la t ing  tests, no severe damage t o  or  f laking of the chrome 
p la t e  was experienced i n  t h i s  test  se r i e s .  

A hard chrome was selected as a representat ive p l a t ing  
The chrome w a s  coated t o  a thickness of 0,005 of an inch on re lease  

The lock bearing surfaces  were lubricated 

A 

4.2.3 Alignment Invest igat ion 

A s  i n  the bal l - lock program, angular misalignments between the 
two halves of the locking mechanism of one, two, three,  four,  s i x  and e ight  
degrees were invest igated i n  c o l l e t  hardware t e s t  set-ups.  The r e s u l t s  of these 
t e s t s ,  shown i n  f igure 2 7 ,  were qui te  d i f f e ren t ,  however, from the r e s u l t s  of 
the bal l - lock alignment invest igat ion.  
pa t te rn  and the re lease  forces were r e l a t i v e l y  low throughout the e n t i r e  s e r i e s .  
Although one s e t  of hardware successful ly  completed t e s t s  up t o  e ight  degrees 
of misalignment, another s e t  of hardware fractured during six-degree t e s t s .  It 
i s  surmised tha t  when the pre-load i s  applied t o  the test hardware the c o l l e t  
t i p  and pin ac tua l ly  bend when not aligned properly and tend t o  attempt s e l f -  
alignment. 
lock t i p  is of s u f f i c i e n t  s t r u c t u r a l  s t rength  t o  withstand bending, 
bending oE the c o l l e t  t i p  would tend t o  reduce re lease  force values but would 
increase the overa l l  system s t r e s s  and increase the p o s s i b i l i t y  of f a i lu re .  
It can be general ly  s t a t ed ,  therefore ,  t ha t  the force required t o  re lease  a 
co l le t - lock  tha t  was not properly aligned would be l e s s  than tha t  required i n  
a similar  bal l - lock set-up but the chance of premature f a i l u r e  would be grea te r .  

The data  did not conform t o  any s o r t  of 

This act ion cannot happen i n  the bal l - lock assembly since tk ba l l -  
This 

4.2.4 Life Cycle Invest igat ion 

Life cycle t e s t  s e r i e s  were performed on two s e t s  of co l le t - lock  
hardware. The race and pin hardness, Rc 35, w a s  the sa.me for both sets of 
hardware. 
on the lock bearing surfaces.  In  one case the lubricant  used was Electrof i lm 
Lubri-Bond A ,  while i n  the other s e r i e s  Fluorocarbon S-122 was used. 
of these t e s t s  a r e  shown i n  f igures  28  and 29. In  the f i r s t  s e r i e s ,  a f rac ture  
occurred on re lease  nuxmber 180 although the re lease  forces up t o  tha t  point were 
very low and consis tant .  In  the other s e r i e s  the c o l l e t  assembly successful ly  
completed 250 cycles.  Due t o  type and nature of the c o l l e t  design, i t :  appears 
a s  though i t  w i l l  be subject  t o  severe fa t igue  s t tx s s ing  when expcsed t o  a great  
number of cycles which may r e s u l t  i n  a f rac ture  of the c o l l e t  during release.  

Both s e r i e s  were conducted a t  ambient tempera tvre  with lubricat ion 

The r e s u l t s  
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